SUMMARY
This report documents material balance calculations for the Americium/Curium vitrification process and describes the basis used to make the calculations. The material balance calculations reported here start with the solution produced by the Am/Cm pretreatment process as described separately in Reference [1] . Following pretreatment, small batches of the product will be further treated with an additional oxalic acid precipitation and washing. The precipitate from each batch will then be charged to the Am/Cm melter with glass cullet and vitrified to produce the final product. The material balance calculations in this report are designed to provide projected compositions of the melter glass and off-gas streams. Except for decanted supernate collected from precipitation and precipitate washing, the flowsheet neglects side streams such as acid washes of empty tanks that would go directly to waste. Complete listings of the results of the material balance calculations are provided in the Appendices to this report.
This revision is required to reflect minor changes resulting from a revision to the pretreatment material balance described in Reference [1] , which changed some of the values in the vitrification calculations. No changes have been made to any of the bases for the vitrification material balance.
BACKGROUND
Based on 1998 analytical measurements, Tank 17.1 contains approximately 11,000 liters of Americium/Curium solution at about 8 M nitric acid. The material stored in Tank 17.1 will be diluted, denitrated using formic acid, and precipitated with oxalic acid to separate actinides and lanthanides from transition metals, aluminum and alkali constituents. The precipitate will then be washed to further remove impurities. Following these clean-up steps, the solution will be treated with concentrated nitric acid to redissolve the precipitate and destroy oxalate. The solution will then be water stripped, denitrated to reduce the nitric acid concentration, and concentrated to produce a solution having about 100 g/l of solids on an oxide basis in 1.0 M nitric acid. These processing steps are included in the pretreatment material balance [1] .
Approximately seven liter batches of the pretreated material will then be precipitated and washed with oxalic acid to further remove transition metals and convert the actinides and lanthanides to oxalate salts. This solution will be fed to the melter along with a glass cullet and heated to remove water and form the Am/Cm glass product. During melter heating, the water in solution is driven off, oxalate ions are burned to carbon dioxide and carbon monoxide and nitrate ions form NO x gas species. The material balance was implemented in an Excel TM spreadsheet that relies on experimental data, empirical formulas and simplifying assumptions to make the flowsheet calculations.
CALCULATION BASES
The calculations in this report are designed to determine the compositions of the melter feed, the glass product from the Americium/Curium vitrification campaign, and the melter off-gas streams. The material balance starts with the product of the pretreatment process. These material balance calculations used the most recent (1998) analytical measurements of the composition of the solution in Tank 17.1 as a starting point. Table 1 summarizes some of the basic assumptions used to make the vitrification material balance calculations. The material balance calculations also relied on the following bases and assumptions:
• Salts of the metal impurities remaining in Tank 17.1 are completely soluble. The true chemical form of the metal impurity salts is uncertain. Choi [2] has determined a composition based on the chemical analysis of Tank 17.1 that best conserves mass and satisfies electroneutrality. This proposed composition was used for the pretreatment flowsheet. During the redissolving step, where concentrated nitric acid is added to the solution, the metal impurities are likely converted to the nitrate salts. However, to simplify the calculations, it is assumed that the chemical species proposed by Choi remain intact throughout the entire pretreatment process. During vitrification, these materials are converted into the oxide form.
• Following the assumption used by Rudisill [3] , trace amounts of the elements Tb, Dy, Ho, Er, Tm, Yb and Lu are assumed to be present in the Tank 17.1 solution. The concentrations that are assumed for these elements represent the minimum detectable quantities that could be present in the Tank 17.1 solution.
• Solubilities of oxalate salts of the lanthanides, uranium and transuranic metals are based on experimental data. The data obtained by Beck [4] and Rudisill [3] were used to calculate the solubility of the oxalate salts of Lanthanide metals. Full details of the solubility calculation are provided in the report on the pretreatment material balance [1] .
• The oxalate precipitate layer has an apparent specific volume of 0.5 l/mole [4] .
• When streams are mixed, if the final volume is not specified, it is simply assumed that the mixing volumes are additive. The mixture density is then calculated from the ratio of solution mass to volume.
• Air purges to the tanks are calculated using the methodology developed by Marek [5] to limit the hydrogen concentration in the vapor space of these vessels to 25% of the Lower Flammability Limit. It is assumed that the air purge is saturated air at 20 ºC. The solution volumes shown in the Table 2 were used as a basis for the air purge calculations. These are the volumes of solution in the tanks when the greatest air purge is required. • The air sweep over the melter is assumed to be saturated air at 20 ºC. Even though saturated air at a higher temperature will carry more water vapor, the worst case with the greatest dilution air or offgas heating requirement was found to be colder air. Most of the off-gas mass comes directly from the air sweep and not from the melter. Therefore, colder air which is more easily condensed is the limiting operating condition that requires the greatest dilution air or off-gas heating. The off-gas heating or dilution airflow is set to give a relative humidity of 70% in the mixed off-gas [6, 7] .
• 0.10% of the feed material added to the melter is lost to entrainment in the off-gas.
• 20.0% of the cesium added to the melter is volatilized into the off-gas during the drying stage.
• 20.0% of the carbon monoxide in the melter off-gas from the calcination reactions is burned to carbon dioxide.
• 50.0% of the NO x in the melter off-gas is decomposed to nitrogen and oxygen.
• Off-gases from melter drying, calcination and vitrification operations are included in the combined melter off-gas streams. Gas releases from the melter are converted from absolute amounts into flow rates by assuming a one-hour duration for each of the melter steps. The one hour duration assumed for each of the melter steps is likely low and therefore conservative for calculating off-gas flows.
• The material loading in the glass product is calculated to give 49.0% actinide and lanthanide oxides.
• Based on simulant experiments performed at TNX, the melter feed batch size is 6.91 liters.
OXIDATION REACTIONS
The following oxidation reactions are applied to convert the salts in the melter feed solution into metal oxides and gas phase products. In some cases, the reaction can be applied to more than the one element used to illustrate the stoichiometry. In these cases, the metals that the reaction applies to are listed in parentheses to the right of the example reaction equation. Oxides of nitrogen, sulfur and phosphorous are assumed to be equal molar mixtures of true oxides. That is, we take the x oxides to be:
At the projected melter plenum temperatures, we assume that 20% of the carbon monoxide is oxidized to carbon dioxide according to the reaction:
At the melter gas temperatures, we also assume that 50% of the NO x is thermally decomposed to N 2 and O 2 according to the reaction
Based on the reactions listed above, the gaseous components of the melter off-gas stream are: Oxygen, nitrogen and some water vapor are added to the melter off-gas from airflow into the melter vapor space. Water is volatilized into the off-gas from the melter feed. 
PROCESS FLOW DIAGRAMS

FLOWSHEET
The pretreatment material balance for processing steps prior to stream 43 has been reported separately [1] . Oxalic acid precipitation and washing steps that further treat the melter feed are included as part of the melter feed preparation process. These oxalic acid precipitation and washing calculations are based on the same solubility data used previously for the pre-treatment material balance. It was found that using a constant volume ratio of adding 1.74 liter of 8% oxalic acid to each liter of feed solution produced a product having very close to the desired 0.3 M excess acid (see Stream 45). Therefore, this simplified calculation was used in the calculations. A listing of the streams in the vitrification material balance flowsheet and brief descriptions of each stream are provided in Tables 3 and 4 .
Calculations are made in the material balance to determine the composition of glass product from the Am/Cm vitrification campaign and to estimate the average composition of the melter off-gas stream.
Stream 60 gives the composition of the glass cullet (25 Sr ABS, [8] ) in total grams and as the weight percent oxides. It is assumed that a stochiometric mixture of carbon monoxide and carbon dioxide is produced by the oxidation reactions in the melter. Subsequently, it is assumed that 20% of the carbon monoxide is burned to carbon dioxide in the off-gas. As assumed in the previous material balance calculations, 50% of the NO x in the off-gas is decomposed to N 2 and O 2 . Also, as in previous material balances, the off-gas is converted from total mass into a mass flow rate by assuming representative times for the melter operating steps. Three stages of melter operation are considered:
1. Drying phase from 50 °C to 200 °C that removes water from the feed solution.
2. Calcination phase from 200 °C to 700 °C where conversion of the feed material into oxides takes place.
3. Vitrification phase from 700 °C to 1450 °C where Ce IV is reduced to Ce III .
The material balance assumes that the melter processes occur uniformly over the specified time. The off-gas flow is then calculated by computing the total gas released from the melter and dividing by the specified operating time. For example, if the calcination step is assumed to occur in one hour, the products of the calcination reactions are assumed to be released uniformly over the one-hour time period.
The mixture off-gas temperature during the drying stage is calculated using constant specific heats of 0.4787 cal/g-C for water and 0.252 cal/g-C for air. The drying stage is the only gas mixing process where a significant amount of water is added to the off-gas. On a mass basis, most gaseous species other than water such as air, CO and CO 2 have similar heat capacities. Therefore, during the other melter phases the mixing off-gases are all simply treated as air. Motive air added to off-gas stream at exhaust jet Motive air flow set equal to sum of sweep air flow and dilution air flow 82
Combination of streams 80 and 81 
RESULTS
Full results from the vitrification material balance calculations are presented in the two Appendices attached to this report. These pages were printed directly from the material balance spreadsheet. Appendix A shows a material balance carrying all of the Am/Cm material through each step in the vitrification process. These tables report the total amounts of glass product and off-gases released. Appendix B shows a material balance for the melter feed preparation and vitrification parts of the flowsheet using a 6.91 liter batch of feed material from tank 17.3. The 6.91 liter batch is the batch size that has been used for full scale testing at TNX and the batch size that will be processed in the F-Canyon operations to produce canisters of glass. In all of the spreadsheets, dark shading is used to indicate cells where fixed parameter values have been entered. Light shading is used in the spreadsheets to indicate cells where values have been adjusted to produce the target values in the lightly shaded cells that the attached arrows point to.
Stream 43 is the final product of the pre-treatment processing collected in the 17.3 evaporator that will serve as material for the melter feed preparation process. The material balance shows 1197 liters of feed solution in Tank Stream 61 gives the composition of the projected glass product in total grams of each metal oxide assuming a 49% loading from the actinide and lanthanide oxides in the feed stream. The glass cullet used is type 25SrABS-F with the composition specified by Meaker [8] . At the bottom of column 61, we see that about 320 kg of glass are predicted to be produced from the projected melter feed supply. The mass summation at the bottom of column 61 in Appendix B, shows that a 6.91 liter batch of the projected melter feed will produce 1.85 kg of glass. Column 61a gives the glass product composition as weight percent oxides.
